


Does Arc)c Amplifica)on increase mid‐la)tude 
droughts, floods, heat waves, and cold snaps globally? 



www.sciencemag.org    SCIENCE    VOL 343    14 FEBRUARY 2014 729

LETTERS
edited by Jennifer Sills

742

COMMENTARY

LETTERS  I  BOOKS  I  POLICY FORUM  I  EDUCATION FORUM  I  PERSPECTIVES
736

Simple rules, 
 complex structures

Somites, size, and place

C
R

E
D

IT
: 
F

IG
U

R
E

 G
E

N
E

R
A

T
E

D
 B

Y
 C

A
M

E
R

O
N

 B
E

C
C

A
R

IO
 (
E

A
R

T
H

.N
U

L
L
S

C
H

O
O

L
.N

E
T

);
 R

E
S

U
LT

S
 S

O
U

R
C

E
D

 F
R

O
M

 T
H

E
 N

C
E

P
/N

O
A

A
 G

L
O

B
A

L
 F

O
R

E
C

A
S
T

 S
Y

S
T

E
M

Global Warming and Winter Weather
IN MID-JANUARY, A LOBE OF THE POLAR VORTEX SAGGED SOUTHWARD OVER THE CENTRAL 
and eastern United States. All-time low temperature records for the calendar date were set 
at O’Hare Airport in Chicago [–16°F (–27°C), 6 January], at Central Park in New York [4°F 
(–15.6°C), 7 January], and at many other stations (1). Since that event, several substantial snow 
storms have blanketed the East Coast. Some have been touting such stretches of extreme cold 
as evidence that global warming is a hoax, while others have been citing them as evidence that 
global warming is causing a “global weirding” of the weather. In our view, it is neither.

As climate scientists, we share the prevailing view in our community that human-induced 
global warming is happening and that, without mitigating measures, the Earth will continue to 
warm over the next century with serious consequences. But we consider it unlikely that those 
consequences will include more frigid winters.

Distinguishing between different kinds of extreme weather events is important because 
the risks of different kinds of events are affected by climate change in different ways. For 
example, a rise in global mean temperature will almost certainly lead to an increase in the 
incidence of record high temperatures. Global warming also leads to increases in atmo-
spheric water vapor, which increases the likelihood of heavier rainfall events that may cause 
fl ooding. Rising temperatures over land lead to increased evaporation, which renders crops 
more susceptible to drought. As the atmosphere and oceans warm, sea water expands and 
glaciers and ice sheets melt. In response, global sea-level rises, increasing the threat of 
coastal inundation during storms.

In contrast to the above examples, the notion that the demise of Arctic sea ice during 
summer should lead to colder winter weather over the United States seems counterintuitive. 
But that is exactly what an infl uential study has suggested (2). The authors hypothesize that 
global warming could perturb the polar vortex in a manner that renders the fl ow around it 
more wavy, leading to an increased incidence of both extreme warmth and extreme cold in 

temperate latitudes. It’s an interesting idea, 
but alternative observational analyses and 
simulations with climate models have not 
confirmed the hypothesis, and we do not 
view the theoretical arguments underlying it 
as compelling [see (3–6)]. 

Other studies have suggested that the loss 
of Arctic sea ice may infl uence the atmo-
spheric circulation in mid-latitudes dur-
ing summer [e.g., (7)]. Sea-ice losses dur-
ing late summer may indeed lead to regional 
changes in Arctic climate [e.g., (5, 8)]. But 
tremendous natural variability occurs in the 
large-scale atmospheric circulation during 
all seasons, and even in summer, the links 
between Arctic warming and mid-latitude 
weather are not supported by other observa-
tional studies (6). The lag between decreases 
in sea-ice extent during late summer, and 
changes in the mid-latitude atmospheric 
circulation during other seasons (when the 
recent loss of sea ice is much smaller) needs 
to be reconciled with theory. 

Summertime sea-ice extent in the Arctic 
has been remarkably low since 2007, and the 
ensuing years have been marked by some 
notable cold air outbreaks. It was this coin-
cidence that prompted Francis and Vavrus (2) 
to link the cold air outbreaks to global warm-
ing. But coincidence does not in itself consti-
tute a strong case for causality. Cold air out-
breaks even more severe than occurred this 
winter affected the United States in the early 
1960s, the late 1970s (most notably 1977), 
and in 1983, back when the Arctic sea ice was 
thicker and more extensive than it is today 
[e.g., (9)]. Over the longer time span of 50 
to 100 years, it is well established that there 
has been a decrease in the rate at which low 
temperature records are being set relative to 
all-time high temperature records at stations 
across the United States (10). For the present 
at least, we believe that statistics based on the 
longer record are more indicative of what the 
future is likely to bring.

The research linking summertime Arctic 
sea ice with wintertime climate over temper-
ate latitudes deserves a fair hearing. But to 
make it the centerpiece of the public discourse 

Icy blast. Arctic winds fl owed down to North America in January, causing record-breaking cold temperatures.  Image 

shows streamlines of wind at the 500 mbar level at 1:00 a.m. Eastern Standard Time on 7 January 2014. Red indi-

cates faster speeds.
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Global Warming and Winter Weather
IN MID-JANUARY, A LOBE OF THE POLAR VORTEX SAGGED SOUTHWARD OVER THE CENTRAL 
and eastern United States. All-time low temperature records for the calendar date were set 
at O’Hare Airport in Chicago [–16°F (–27°C), 6 January], at Central Park in New York [4°F 
(–15.6°C), 7 January], and at many other stations (1). Since that event, several substantial snow 
storms have blanketed the East Coast. Some have been touting such stretches of extreme cold 
as evidence that global warming is a hoax, while others have been citing them as evidence that 
global warming is causing a “global weirding” of the weather. In our view, it is neither.

As climate scientists, we share the prevailing view in our community that human-induced 
global warming is happening and that, without mitigating measures, the Earth will continue to 
warm over the next century with serious consequences. But we consider it unlikely that those 
consequences will include more frigid winters.

Distinguishing between different kinds of extreme weather events is important because 
the risks of different kinds of events are affected by climate change in different ways. For 
example, a rise in global mean temperature will almost certainly lead to an increase in the 
incidence of record high temperatures. Global warming also leads to increases in atmo-
spheric water vapor, which increases the likelihood of heavier rainfall events that may cause 
fl ooding. Rising temperatures over land lead to increased evaporation, which renders crops 
more susceptible to drought. As the atmosphere and oceans warm, sea water expands and 
glaciers and ice sheets melt. In response, global sea-level rises, increasing the threat of 
coastal inundation during storms.

In contrast to the above examples, the notion that the demise of Arctic sea ice during 
summer should lead to colder winter weather over the United States seems counterintuitive. 
But that is exactly what an infl uential study has suggested (2). The authors hypothesize that 
global warming could perturb the polar vortex in a manner that renders the fl ow around it 
more wavy, leading to an increased incidence of both extreme warmth and extreme cold in 

temperate latitudes. It’s an interesting idea, 
but alternative observational analyses and 
simulations with climate models have not 
confirmed the hypothesis, and we do not 
view the theoretical arguments underlying it 
as compelling [see (3–6)]. 

Other studies have suggested that the loss 
of Arctic sea ice may infl uence the atmo-
spheric circulation in mid-latitudes dur-
ing summer [e.g., (7)]. Sea-ice losses dur-
ing late summer may indeed lead to regional 
changes in Arctic climate [e.g., (5, 8)]. But 
tremendous natural variability occurs in the 
large-scale atmospheric circulation during 
all seasons, and even in summer, the links 
between Arctic warming and mid-latitude 
weather are not supported by other observa-
tional studies (6). The lag between decreases 
in sea-ice extent during late summer, and 
changes in the mid-latitude atmospheric 
circulation during other seasons (when the 
recent loss of sea ice is much smaller) needs 
to be reconciled with theory. 

Summertime sea-ice extent in the Arctic 
has been remarkably low since 2007, and the 
ensuing years have been marked by some 
notable cold air outbreaks. It was this coin-
cidence that prompted Francis and Vavrus (2) 
to link the cold air outbreaks to global warm-
ing. But coincidence does not in itself consti-
tute a strong case for causality. Cold air out-
breaks even more severe than occurred this 
winter affected the United States in the early 
1960s, the late 1970s (most notably 1977), 
and in 1983, back when the Arctic sea ice was 
thicker and more extensive than it is today 
[e.g., (9)]. Over the longer time span of 50 
to 100 years, it is well established that there 
has been a decrease in the rate at which low 
temperature records are being set relative to 
all-time high temperature records at stations 
across the United States (10). For the present 
at least, we believe that statistics based on the 
longer record are more indicative of what the 
future is likely to bring.

The research linking summertime Arctic 
sea ice with wintertime climate over temper-
ate latitudes deserves a fair hearing. But to 
make it the centerpiece of the public discourse 

Icy blast. Arctic winds fl owed down to North America in January, causing record-breaking cold temperatures.  Image 

shows streamlines of wind at the 500 mbar level at 1:00 a.m. Eastern Standard Time on 7 January 2014. Red indi-

cates faster speeds.
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Jan.‐7, 2014 Jetstream over North‐America ‐‐> “Polar Vortex” 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Jet Stream Visualiza)on 

June‐10 through July‐18, 1988 
hUp://svs.gsfc.nasa.gov/cgi‐bin/details.cgi?aid=3864 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4 Relationship of the polar amplification signals
to the state of the sea ice, snow coverage on land,
cloudiness, and ocean heat transport

The models discussed here have numerous di!erences in
their physical components making it di"cult to attribute
the changes in polar amplification to any one physical
mechanisms. However, we do find that the control cli-
mate basic state, particularly that of the sea-ice, modifies
the high-latitude climate response.

4.1 Sea ice

The models discussed in this study have a considerable
range in the present-day simulation of sea-ice condi-
tions. Figure 4 shows the mean sea-ice thickness and
extent simulated by the models for the control climate.
The annual average ice extent ranges from 8 · 106 km2

to over 20 · 106 km2 and the mean ice thickness from
0.3 m to 2.5 m. Additionally, the spatial distribution of
ice thickness across the basin varies considerably. For a
further discussion of control and perturbed climate sea
ice conditions in the CMIP models, the reader is referred
to Flato (2003 submitted). Sea-ice simulations in indi-
vidual models have also been discussed in a number of
papers for both control climate and climate change
integrations. In addition to some of the references shown
in Table 1, these include studies by Johns et al. (1997)
(UKMO2), O’Farrell (1998) (CSIR), Weatherly et al.

(1998) (NCAR_CSM), and Weatherly and Zhang (2001)
(PCM).

Figure 5 shows a plot of the latitude at which maxi-
mum warming occurs versus the ice extent for the 15
models discussed in this study. Ice extent is defined as
the total area in the Northern Hemisphere where the sea-
ice is thicker than 10 cm. Therefore, the area of leads is
included in the ice extent provided the mean thickness in
the region (i.e., grid cell) is at least 10 cm. The ice extent
and latitude of maximum warming are significantly
correlated at the 99% level at R = –0.80. This indicates
a general tendency for models with larger ice extents to
obtain their maximum warming further south. Because
these models have more southerly ice extents, they ex-
hibit more southerly changes in ice cover and albedo,
resulting in a larger simulated temperature response at
these latitudes.

Plots of sea-ice conditions versus the maximum zon-
ally averaged normalized temperature change are shown
in Fig. 6. Rind et al. (1995) looked at global warming as
a function of sea-ice extent in the GISS model (although
not the same GISS model that participated in CMIP2)
and found higher global sensitivity resulted when ice
extent is larger in the present climate because there is
more sea-ice available to lose. We find the same is true
for the polar amplification in the coupled models con-
sidered here only for models with low to moderate (<3)
polar amplification. Figure 6a shows that the maximum
warming increases weakly with increasing ice extent
among these models, with a correlation coe"cient of
R = 0.65 which is significant at the 95% level. For these

Fig. 1 The increase in zonally
averaged 2 m air temperature
for 2·CO2 conditions as a
function of latitude normalized
by the globally averaged air
temperature increase
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around 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N 



models there is also a significant correlation between the
control climate ice extent and the change in ice extent at
2·CO2 conditions. However if we consider all the
models together, we find no significant correlation
between ice extent and normalized warming.

Figure 6b shows a scatter plot of the control climate
ice thickness versus the polar amplification. In the cou-
pled models considered here, we find that polar ampli-
fication is more highly correlated (albeit still weak) to
the sea-ice thickness than to the ice extent. When
all models are considered together, the correlation is
R = –0.40, which is significant at the 93% level. As will
be shown later, the GISS and MRI models show an
anomalous increase in poleward ocean heat transport at
2·CO2 conditions and the GISS model shows an
anomalous increase in winter polar cloud cover. This
may influence the polar amplification in these models. If

we remove them from the analysis, then the amplitude of
the correlation between control climate ice thickness and
polar amplification increases to a value of R = –0.66
which is significant at the 99% level. Models with thin
control climate ice cover typically have larger changes in
ice extent at 2·CO2 conditions. Whether this is a cause
of, or results from, the amplified warming in these
integrations is not clear from the data available for the
model simulations. However, it does suggest the possi-
bility that models with thinner ice cover have enhanced
ice extent loss because the thin ice is more easily melted
away. This in turn would result in a larger albedo
feedback and loss of insulation between ocean and
atmosphere and would amplify the high northern lati-
tude warming.

Among the CMIP models, the control climate sea-ice
conditions appear to modify the polar amplification in

Fig. 2 The temperature change
for 2·CO2 conditions
normalized by the global
average air temperature change
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necessarily indicate a causal relationship between ocean
heat transport and ice conditions, it does suggest the
possibility that increased ocean heat transport results in
thinner and less extensive Arctic ice cover. This in turn
would enhance the surface albedo feedback and enhance
the polar amplification. More studies, including sensi-
tivity tests with a single model are needed to further
investigate this finding.

The MRI simulation has enhanced transport every-
where north of 45!N and has the largest increase in
northward heat transport for the high latitudes. This
may contribute to the enhanced polar warming in this
model even in light of its relatively thick ice cover.
Additionally, although the GISS model has a large
decrease in poleward ocean heat transport south of
75!N, it does obtain a relatively high increase in heat
transport north of this latitude. Thus, it is possible that
even though the reduced transport south of 75!N re-
sults in colder temperatures in the Nordic Seas, the
enhanced transport into the Arctic basin contributes to
a decrease in ice thickness and amplifies the albedo
feedback.

5 Conclusions and discussion

We have documented the 2·CO2 warming at high
northern latitudes as seen in models participating in the
coupled model intercomparison project 2 (CMIP2) and
in the CCSM2. As seen in previous studies, all of the
models simulate amplified warming at high northern
latitudes. We isolated the models’ polar amplification by
normalizing the change in 2 m air temperature by its
global mean. Using this measure, the polar amplification
varies considerably between the model simulations.
Models with the lowest amplification have zonally
averaged temperature increases at 2·CO2 conditions
that are less than twice the global average temperature
change. Models with the highest polar amplification
exhibit zonally averaged temperature increases that are
greater than four times the globally averaged values. The
majority of the models simulate maximum zonally
averaged polar warming that is 2–3 times the globally
averaged value. Both the location and month of maxi-
mum warming vary considerably among the simula-
tions, with the maximum warming occurring between
October and March.

Our results show that several aspects of polar ampli-
fication in the Arctic are related to the control climate
sea-ice conditions. For example, the spatial distribution
of the warming is a!ected by the simulated present-day
ice conditions. In particular, ice extent is significantly
correlated with the latitude of maximum warming
and models with larger ice extent generally exhibit
larger warming further south. This results from local
positive feedback processes that occur in regions of ice
retreat.

Additionally, the magnitude of the polar amplifica-
tion is related to the control climate sea-ice conditions.
There is a significant correlation between the control
climate ice thickness and polar amplification, in that
simulations with thinner ice cover obtain higher polar
amplification. In four out of six of the models that exhibit
‘‘high’’ polar amplification, thin ice cover is present in the
control simulation, indicating that this contributes to the
enhanced polar warming. As discussed by Rind et al.
(1995), the presence of thin ice cover can increase the
model sensitivity, because this ice is more easily melted
away, resulting in a stronger surface albedo feedback
mechanism. The other two models with high polar
amplification have moderate to thick sea-ice, indicating
that conditions other than the sea-ice basic state are
influencing the high-latitude climate response. In these
models, there is evidence that this is associated with
changes in ocean heat transport or polar cloud cover.
Additionally, parametrizations of the ice cover, such as
the representation of lateral melting, are also possible
culprits for the di!erent high latitude sensitivity in these
models.

For models with low-to-moderate (<3 normalized
warming) polar amplification, there is a tendency for
higher polar amplification to occur in models with larger

Fig. 8 a The change in poleward ocean heat transport at 2·CO2

conditions as a function of latitude for the models with available
data. b Correlation of the control climate ocean heat transport (red
line) and the change in ocean heat transport (black line) with the
maximum zonally averaged 2 m normalized air temperature for the
Northern Hemisphere. Values that exceed the 95% significance
level are shown by diamonds
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et al., 2005], contribute to AA. This warming is clearly
observable during autumn in near-surface air temperature
anomalies in proximity to the areas of ice loss [Serreze et al.,
2009]. The integrated lower-tropospheric warming is apparent
in widespread anomalies in the vertical thickness of the layer
between 1000 and 500 hPa, illustrated in Figure 1 for each
season during 2000 to 2010 relative to the previous 30 years.
During fall (Oct.–Dec.) statistically significant anomalies are
apparent over much of the Arctic region, and during winter
(Jan.–Mar.) a strong anomaly persists in the N. Atlantic and
west of Greenland, along with positive areas at lower latitudes
over Russia and the N. Pacific. Strong positive values during
summer (Jun.–Sep.) occur mainly over high-latitude land
areas, consistent with warmer, drier soils resulting from earlier
snow melt [Brown et al., 2010]. Significant anomalies are
absent in spring during recent years because heating that
results from a reduced summer ice cover has dissipated and
because high-latitude soils have not yet dried following snow
melt.
[6] The differential warming of the Arctic relative to mid-

latitudes is the key linking AA with patterns favoring per-
sistent weather conditions in mid-latitudes. Two separate
effects on upper-level characteristics are anticipated: weaker
poleward thickness gradients cause slower zonal winds, and
enhanced high-latitude warming causes 500 hPa heights to
rise more than in mid-latitudes, which elongates the peaks of

ridges northward and increases wave amplitude. Both of
these effects should slow eastward wave progression. Wave
features in 500 hPa fields are analyzed from 1979 through
2010. The study focuses on the mid-latitudes of N. America
and the N. Atlantic (140!W to 0!, Figure 2a), north of which
the ice-loss has been substantial and atmospheric heating has
been statistically significant (Figure 1). Fields of 500 hPa
heights are selected for this analysis because they are con-
strained by observations from numerous radiosondes and
satellite retrievals, they are relatively free from surface
effects, and they capture upper-level wave patterns.
[7] Evidence supporting the first effect – zonal wind

reduction – was identified in a previous study by Francis
et al. [2009], who found that poleward thickness gradients
were weaker over the N. Atlantic and N. Pacific in summers
with less sea ice than normal, and that the weakening per-
sisted well into the following spring. This tendency is also
clearly evident over the present study region, as shown in
the time series of 1000-500 hPa thickness differences between
a high-latitude region (80–60!N) and low-latitude region
(50–30!N) for each season (Figure 3, left). Since the late
1980s when rapid ice loss and enhanced warming began,
poleward thickness differences have decreased in all seasons,
especially during fall and winter ("10% with > 95% confi-
dence in fall trend).

Figure 1. Seasonal anomalies in 1000-500 hPa thicknesses (m) north of 40!N during 2000–2010 relative to 1970–1999:
(a) autumn (OND), (b) winter (JFM), (c) spring (AMJ), and (d) summer (JAS). White asterisks indicate significance with
p < 0.05. Data are from the NCEP/NCAR Reanalysis.
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[8] The strength of the poleward thickness gradient deter-
mines the speed of upper-level zonal winds. As the gradient
has decreased with a warming Arctic, the upper-level zonal
winds during fall have also weakened since 1979 (Figure 3,
right), with a total reduction of about 14% (>95% confidence).
Winter winds are more variable but exhibit a steady decline
since the early 1990s. When zonal wind speed decreases, the
large-scale Rossby waves progress more slowly from west
to east, and weaker flow is also associated with higher wave
amplitudes [Palmén and Newton, 1969]. Slower progression
of upper-level waves causes more persistent weather condi-
tions that can increase the likelihood of certain types of
extreme weather, such as drought, prolonged precipitation,
cold spells, and heat waves. Previous studies support this
idea: weaker zonal-mean, upper-level wind is associated with
increased atmospheric blocking events in the northern
hemisphere [Barriopedro and Garcia-Herrera, 2006] as well
as with cold-air outbreaks in the western U.S. and Europe
[Thompson and Wallace, 2001; Vavrus et al., 2006].
[9] The second effect – ridge elongation – is also expected

in response to larger increases in 500-hPa heights at high
latitudes than at mid-latitudes. This effectively stretches the
peaks of ridges northward, as illustrated schematically in

Figure 2b, and further augments the wave amplitude. Higher
amplitude waves also tend to progress more slowly. Evi-
dence of this mechanism is investigated by selecting a narrow
range of 500 hPa heights for each season that captures the
daily wave pattern in the height field. The following ranges
were used for fall: 5600 m ! 50 m, winter: 5400 m ! 50 m,
and summer: 5700 m ! 50 m. The example in Figure 2a
illustrates an “isoheight” represented by the selected grid-
points over the study region on a typical day, which are then
analyzed to reveal changes in 500 hPa patterns over time.
[10] First row of Figures 4a–4c presents time series of the

seasonally averaged maximum latitude of daily isoheights
(corresponding to peaks of ridges) for fall, winter, and
summer. Spring is not shown because high-latitude thickness
anomalies are not statistically different from mean conditions.
The steady northward progression of ridge peaks supports
the hypothesis that AA is contributing to ridge elongation;
confidence in these trends exceeds 99%. The fall plot also
presents the time series of September sea ice extent (reversed
scale, Spearman’s correlation = "0.71) derived from passive
microwave satellite information (obtained from the National
Snow and Ice Data Center, http://nsidc.org/data/docs/noaa/
g02135_seaice_index/ [Fetterer et al., 2002]). The winter

Figure 2. Region of study: 140#W to 0#. (a) Asterisks illustrate an example of a selected range of 500 hPa heights used in
the analysis. (b) Schematic of ridge elongation (dashed vs. solid) in upper-level heights caused by enhanced warming in Arctic
relative to mid-latitudes. Higher amplitude waves progress eastward more slowly, as indicated by arrows.

Figure 3. (left) Time series of seasonal 1000–500 hPa thickness differences between 80–60#N and 50–30#N over the study
region (140#W to 0#). (right) Seasonal zonal mean winds at 500 hPa between 60–40#N over the study region. Seasons are
labeled. Data obtained from the NCEP/NCAR reanalysis, http://www.esrl.noaa.gov/psd.
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of the seasonal temperature trends that are linearly congruent with
changes in sea ice (Fig. 2) show remarkable resemblance to the ver-
tical profiles of the total temperature trends (Fig. 1). North of 70uN, a
large portion of each total trend is linked to reduced Arctic sea ice
cover (Fig. 2). The majority of the winter warming is associated with
changes in sea ice cover (Fig. 2a) even though the sea ice declines are
relatively small and the albedo feedback is weak during this season.
Strong winter warming is consistent with the atmospheric response
to reduced sea ice cover22,27 and reflects the seasonal cycle of ocean–
atmosphere heat fluxes22: during summer, the atmosphere loses heat
to the ocean whereas during winter the flux of heat is reversed. Thus,
reduced summer sea ice cover allows for greater warming of the
upper ocean but atmospheric warming is modest (Fig. 2c). The inter-
action is undoubtedly two-way because warmer upper-ocean tem-
peratures will further enhance sea ice loss. The excess heat stored in
the upper ocean is subsequently released to the atmosphere during
winter20,22. Reduced winter sea ice cover, in part a response to a
warmer upper ocean and delayed refreezing6,7, facilitates a greater
transfer of heat to the atmosphere. The observed thinning of Arctic
sea ice28,29, albeit not explicitly represented in ERA-Interim, is also
likely to have enhanced the surface heat fluxes.

Another potential contributor to the surface amplified warming
could be changes in cloud cover. Clouds decrease the incoming
short-wave (solar) radiation. However, this shading effect is partly
offset, or exceeded, by a compensating increase in incoming long-wave

radiation. In the Arctic, this greenhouse effect dominates during
autumn, winter and spring (Fig. 3), in agreement with in situ observa-
tions30. In summer, the shading effect dominates in the lower-latitude
regions of the Arctic basin whereas north of 80uN the two competing
effects approximately cancel out (Fig. 3c). Spring is the only season that
exhibits significant trends inArctic average cloudiness inERA-Interim,
and these are negative (the ERA-Interim cloud-cover trends are con-
sistent with satellite estimates; see Supplementary Information).
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Figure 1 | Surface amplification of temperature trends, 1989–2008.
Temperature trends averaged around circles of latitude for winter
(December–February; a), spring (March–May; b), summer (June–August;
c) and autumn (September–November; d). The black contours indicate
where trends differ significantly from zero at the 99% (solid lines) and 95%
(dotted lines) confidence levels. The line graphs show trends (same units as
in colour plots) averaged over the lower part of the atmosphere
(950–1,000 hPa; solid lines) and over the entire atmospheric column
(300–1,000 hPa; dotted lines). Red shading indicates that the lower
atmosphere has warmed faster than the atmospheric column as whole. Blue
shading indicates that the lower atmosphere has warmed slower than the
atmospheric column as a whole.
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Figure 2 | Temperature trends linked to changes in sea ice. Temperature
trends over the 1989–2008 period averaged around circles of latitude for
winter (a), spring (b), summer (c) and autumn (d). The trends are derived
from projections of the temperature field on the sea ice time series (Methods
Summary). The black contours indicate where the ice–temperature
regressions differ significantly from zero at the 99% (solid lines) and 95%
(dotted lines) uncertainty levels.
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Figure 3 | Impacts of cloud-cover changes on the net surface radiation.
Mean net surface radiation (short-wave plus long-wave) over the 1989–2008
period under cloudy-sky (solid lines) and clear-sky (dotted lines) conditions.
Means are averaged around circles of latitude for winter (a), spring
(b), summer (c) and autumn (d). The fluxes are defined as positive in the
downward direction. Red shading indicates that the presence of cloud has a
net warming effect at the surface. Blue shading indicates that the presence of
cloud has a net cooling effect at the surface. The dashed lines show the
approximate edge of the Arctic basin. Symbols show latitudes where
increases (triangles) and decreases (crosses) in total cloud cover significant
at the 99% uncertainty level are found.
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of the seasonal temperature trends that are linearly congruent with
changes in sea ice (Fig. 2) show remarkable resemblance to the ver-
tical profiles of the total temperature trends (Fig. 1). North of 70uN, a
large portion of each total trend is linked to reduced Arctic sea ice
cover (Fig. 2). The majority of the winter warming is associated with
changes in sea ice cover (Fig. 2a) even though the sea ice declines are
relatively small and the albedo feedback is weak during this season.
Strong winter warming is consistent with the atmospheric response
to reduced sea ice cover22,27 and reflects the seasonal cycle of ocean–
atmosphere heat fluxes22: during summer, the atmosphere loses heat
to the ocean whereas during winter the flux of heat is reversed. Thus,
reduced summer sea ice cover allows for greater warming of the
upper ocean but atmospheric warming is modest (Fig. 2c). The inter-
action is undoubtedly two-way because warmer upper-ocean tem-
peratures will further enhance sea ice loss. The excess heat stored in
the upper ocean is subsequently released to the atmosphere during
winter20,22. Reduced winter sea ice cover, in part a response to a
warmer upper ocean and delayed refreezing6,7, facilitates a greater
transfer of heat to the atmosphere. The observed thinning of Arctic
sea ice28,29, albeit not explicitly represented in ERA-Interim, is also
likely to have enhanced the surface heat fluxes.

Another potential contributor to the surface amplified warming
could be changes in cloud cover. Clouds decrease the incoming
short-wave (solar) radiation. However, this shading effect is partly
offset, or exceeded, by a compensating increase in incoming long-wave

radiation. In the Arctic, this greenhouse effect dominates during
autumn, winter and spring (Fig. 3), in agreement with in situ observa-
tions30. In summer, the shading effect dominates in the lower-latitude
regions of the Arctic basin whereas north of 80uN the two competing
effects approximately cancel out (Fig. 3c). Spring is the only season that
exhibits significant trends inArctic average cloudiness inERA-Interim,
and these are negative (the ERA-Interim cloud-cover trends are con-
sistent with satellite estimates; see Supplementary Information).
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Figure 1 | Surface amplification of temperature trends, 1989–2008.
Temperature trends averaged around circles of latitude for winter
(December–February; a), spring (March–May; b), summer (June–August;
c) and autumn (September–November; d). The black contours indicate
where trends differ significantly from zero at the 99% (solid lines) and 95%
(dotted lines) confidence levels. The line graphs show trends (same units as
in colour plots) averaged over the lower part of the atmosphere
(950–1,000 hPa; solid lines) and over the entire atmospheric column
(300–1,000 hPa; dotted lines). Red shading indicates that the lower
atmosphere has warmed faster than the atmospheric column as whole. Blue
shading indicates that the lower atmosphere has warmed slower than the
atmospheric column as a whole.

400

600

800

1,000

400

600

800

1,000

400

600

800

1,000

400

600

800

1,000

Le
ve

l (
hP

a)
a b

c d
90º 80º 70º 60º 50º 40º 90º 80º 70º 60º 50º 40º

90º 80º 70º 60º 50º 40º 90º 80º 70º 60º 50º 40º

–1.0 –0.5 0.50.0 1.51.0 2.0 2.5
Temperature trend (ºC per decade)

Latitude north

Figure 2 | Temperature trends linked to changes in sea ice. Temperature
trends over the 1989–2008 period averaged around circles of latitude for
winter (a), spring (b), summer (c) and autumn (d). The trends are derived
from projections of the temperature field on the sea ice time series (Methods
Summary). The black contours indicate where the ice–temperature
regressions differ significantly from zero at the 99% (solid lines) and 95%
(dotted lines) uncertainty levels.
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Figure 3 | Impacts of cloud-cover changes on the net surface radiation.
Mean net surface radiation (short-wave plus long-wave) over the 1989–2008
period under cloudy-sky (solid lines) and clear-sky (dotted lines) conditions.
Means are averaged around circles of latitude for winter (a), spring
(b), summer (c) and autumn (d). The fluxes are defined as positive in the
downward direction. Red shading indicates that the presence of cloud has a
net warming effect at the surface. Blue shading indicates that the presence of
cloud has a net cooling effect at the surface. The dashed lines show the
approximate edge of the Arctic basin. Symbols show latitudes where
increases (triangles) and decreases (crosses) in total cloud cover significant
at the 99% uncertainty level are found.
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Rather than contribute to the warming, decreased cloud cover would
be expected to promote surface cooling because clouds have awarming
influence in spring (Fig. 3b). It is likely that the temperature response to
reduced cloud cover is exceeded by warming due to other processes.
The radiative effect of cloud-cover changes is small in comparisonwith
compensating changes in the temperature andhumidity profiles assoc-
iated with varying ice conditions11. We find that the large majority of
spring warming occurs in the Siberian sector of the Arctic basin (not
shown), where ice clouds are the predominant cloud type12. In ice-
cloud-dominated regions, the radiative effects of changes in cloud
cover are less important than changes in water vapour content12. In
short, we find no evidence of changes in cloud cover contributing to
recent near-surface Arctic warming.

A final consideration arises frommodel simulations which suggest
that changes in atmospheric water vapour content may amplify
Arctic warming17–19. Increases in water vapour are expected with
increasing air temperatures and reduced sea ice cover19,27. In turn,
water vapour is a powerful greenhouse gas1 and can lead to further
warming and sea ice loss. In ERA-Interim, specific humidity trends
are found only during the summer and early autumn, and are con-
fined to the lower part of the atmosphere (Fig. 4a). The largest
humidity increases are found in the Arctic basin. An associated
increase in incoming long-wave radiation has probably enhanced
warming in summer and early autumn. It is of further interest to
determine whether these increases in humidity are locally driven or
are a result of increasedmoisture transport into the Arctic. It is worth
noting that the humidity trends coincide with the months of lowest
sea ice coverage and largest sea ice declines. The pronounced warm-
ing inwinter and spring is not accompanied by increases in humidity.
A large portion of each total humidity trend is linked to changes in sea
ice (Fig. 4b) and, furthermore, to significant increases in the surface
latent-heat flux (that is, evaporation) in the Arctic basin (Fig. 4a).
The humidity increases at latitudes 50–65 N showweaker links to sea
ice and are probably influenced by other processes. However, within
the Arctic these lines of evidence support the notion that part of the
humidity increase is driven by enhanced surface moisture fluxes
associated with sea ice reductions.

The evidence from the past two decades, based on ERA-Interim,
reveals that recent reductions in sea ice cover and thickness have been
great enough to enhance Arctic warming strongly during most of the
year. Our results suggest that the majority of the recent Arctic tem-
perature amplification is due to diminishing sea ice cover. The amp-
lification is strongest in the lowermost part of the atmosphere, where

modified surface heat fluxes have their greatest influence. The emer-
gence of strong ice–temperature positive feedbacks increases the like-
lihood of future rapid Arctic warming and sea ice decline.

The raw data we used were monthly mean fields from the ERA-Interim26 reana-
lysis for the period 1989–2008. A discussion of the data quality and comparisons
with the older ERA-40 reanalysis data set are given in the Supplementary
Information. These data were averaged around circles of latitude (at 1.5 reso-
lution). Standard seasonal means were computed and used in Figs 1, 2 and 3 (the
winter mean for 1989 contains no data for December 1988), and June–October
means were used in Fig. 4. We estimated trends using least-squares linear regres-
sion. The statistical significances of the regressions were calculated from a two-
tailed t-test. Changes in sea ice cover were calculated by averaging sea ice
concentrations over the Arctic Ocean (north of 70 N). To construct Fig. 2, we
regressed the temperature field against the index of Arctic-wide sea ice cover.
These regressions were then multiplied by the sea ice time series to give a pro-
jection of the temperature field onto the sea ice time series. The linear trends of
these projections (Fig. 2) represent the temperature trends statistically linked to
changes in sea ice cover. We used the same procedure for specific humidity data
(Fig. 4b).
Caution is required when interpreting regressions between two variables that

both show pronounced trends—as is the case with recent Arctic temperatures
and sea ice cover. It is plausible that two variables linked statistically are phys-
ically independent in reality. To address this possibility, we recalculated the
regressions using detrended data. We found that year-to-year variations in sea
ice cover are linked to approximately the same patterns of temperature and
humidity anomalies as found in the raw data. This gives us further confidence
that the associations revealed here are physically meaningful.
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pressure and the unusually strong high-
pressure block to the north created a 
huge area of violent east winds that 
pushed water up against the eastern sea-
board from Nova Scotia to New!Jersey, 
greatly exacerbating the storm surge. 
To literally top it o", the storm surge 
combined with full-moon high tides and 
huge ocean waves to produce record-
high water levels that exceeded the 
worst-case predictions for certain parts 
of New York City.

Now, some might argue that this was 
just a series of unfortunate events result-
ing from the coincidence of many rare 
and/or unprecedented acts of nature. For 
those convinced that it is very di#cult 
or impossible to attribute the occurrence 
of any single extreme weather event to 
anthropogenic climate change, this argu-
ment is, indeed, valid. However, there 
is increasing evidence that the loss of 
summertime Arctic sea ice due to green-
house warming stacks the deck in favor 
of (1) larger amplitude meanders in the 

jet stream, (2) more frequent invasions 
of Arctic air masses into the middle 
latitudes, and (3) more frequent block-
ing events of the kind that steered Sandy 
to the west (Francis and Vavrus, 2012; 
Greene, 2012; Greene and Monger, 2012; 
Liu et al., 2012). Although a direct causal 
link has not been established between 
the atmospheric phenomena observed 
in late October 2012 and the record-
breaking sea-ice loss observed during 
the preceding summer months, all of the 
observations are consistent with such an 
interpretation. $erefore, if one accepts 
this evidence and line of reasoning, and 
also takes into account the record loss 
of!Arctic sea ice this past September, 
then perhaps the likelihood of green-
house warming playing a signi%cant role 
in Sandy’s evolution as an extra-tropical 
superstorm is at least as plausible as the 
idea that this storm was simply a freak 
of nature.!And, the subsequent invasion 
of Arctic air that unleashed a fully devel-
oped nor’easter on the victims of Sandy 

Figure 1. (a) Atmospheric conditions during Hurricane Sandy’s transit along 
the eastern seaboard of the United States, including the invasion of cold Arctic 
air into the middle latitudes of North America and the high-pressure blocking 
pattern in the northwest Atlantic. (b) After the convergence of tropical and 
extra-tropical storm systems, the hybrid Superstorm Sandy made landfall in 
New Jersey and New York, bringing strong winds, storm surge, and flooding to 
areas near the coast and blizzard conditions to Appalachia.

only a few days later just makes the argu-
ment even less convincing that this series 
of unfortunate events was largely an 
act of nature. 
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other point in time, the circulation re!ects the superposition
of various wavenumbers differing in amplitude and phase.
The sum of the "rst 10 waves is shown by the solid lines
in the top panel of Figure 1b, and is a very close approxima-
tion to the real !iso and Z500 (dotted lines). The "rst 10 waves
explain 94% of the longitudinal variance of !iso and 98% of
the longitudinal variance of Z500. Considering all days, the
"rst 10 wave components explain on average 90% of the
daily longitudinal variance of !iso and 97% of the daily
longitudinal variance of Z500.
[15] Figure 2a shows linear trends from 1979 to 2011 in

seasonally-averaged meridional amplitude. Statistically signif-
icant trends (at the p! 0.05 level) are identi"ed by the black
dots. The trends in AM are positive in JAS and OND, and

negative in JFM and AMJ, but none of these are signi"cant.
Only three of the trends for individual wavelengths are statis-
tically signi"cant. These correspond to an increase in AM,9
(3148 km) and decreases in AM,4 (7083 km) and AM,6
(4722 km) in AMJ. We note that this number of signi"cant
trends (7% of 40 trends considered) is not appreciably larger
than would be expected by chance alone (5%). Ignoring the
lack of signi"cance, there is weak general tendency toward
larger AM,m (70% positive trends and 30% negative trends).
[16] Figure 2b shows the linear trends in seasonally aver-

aged zonal amplitude. Negative AZ trends are found in all
seasons, although only the JFM and JAS trends are signi"-
cant. The signi"cant AZ decrease in JAS is in stark contrast
to the AM increase in this season. Considering the wave-
lengths individually, only four signi"cant zonal amplitude
trends are found. These correspond to reductions in AZ,1
(28,334 km) in JFM, AZ,6 (4722 km) in AMJ, and AZ,1
(28,334 km) and AZ,8 (3542 km) in JAS. Again, this number
of signi"cant trends (10% of 40 trends considered) is not
appreciably larger than would be expected by chance alone.
Even ignoring the lack of signi"cance, there is no clear
tendency toward larger or smaller AZ,m (60% negative trends
and 40% positive trends). Nor is there a general tendency
toward longer or shorter wavelengths (i.e., longer wave-
lengths are not increasing in zonal amplitude at the expense
of shorter wavelengths), or vice versa. However, we note
that the majority of the signi"cant trends in both meridional
and zonal amplitude have occurred outside the range of
zonal wavenumbers typically associated with (quasi-)
stationary Rossby waves (m = 2–5). Recall that the zonal
amplitude is de"ned at 45!N. The main "ndings that rela-
tively few trends are signi"cant and that the trends are not
predominately in one direction also apply if other latitudes
are chosen (e.g., 40!N and 50!N; not shown).
[17] Figure 3 shows the meridional amplitude (a–d) and

zonal amplitude (e–h) trends for four longitudinal sectors.
Here we show only individual trends for zonal wavenumbers

a) AM

1
2
3
4
5
6
7
8
9

10
T

28
14
9.4
7.1
5.7
4.7
4.0
3.5
3.1
2.8
T

W
av

el
en

gt
h 

(1
03  

km
)

Z
on

al
 w

av
en

um
be

r

JFM AMJ JAS OND

b) AZ

1
2
3
4
5
6
7
8
9

10
T

28
14
9.4
7.1
5.7
4.7
4.0
3.5
3.1
2.8
T

W
av

el
en

gt
h 

(1
03  

km
)

Z
on

al
 w

av
en

um
be

r

JFM AMJ JAS OND

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Normalized mean amplitude trend

Figure 2. (a) Trends in meridional amplitude as a function
of season and wavelength for the hemispheric domain. “T”
denotes the combination of wavenumbers 1 to 10 (AM).
Trends signi"cant at the p ! 0.05 level are shown by black
dots. The units are s per decade. (b) Same as Figure 2a,
but for zonal amplitude.
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Figure 1. (a) 500 hPa geopotential heights (Z500) for 7 January 2010. Contours are drawn at intervals of 50m. The dotted
line denotes the approximate latitude of the 5400m isopleth (!iso). The dashed black line marks the 45!N latitude circle. (b)
The top panel shows the longitudinal structure of !iso (black dotted line, zonal-mean removed) and Z500 at 45!N (blue dotted
line, zonal-mean removed), and the sum of the "rst 10 wave components for the decomposition of !iso (black solid) and Z500
(blue solid). The second to sixth rows show the wave components for zonal wavenumbers 1 to 5, respectively, for the
decomposition of !iso (black) and Z500 (blue). In all panels, the black lines are plotted against the left vertical axis and the
blue lines against the right vertical axis.
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other point in time, the circulation re!ects the superposition
of various wavenumbers differing in amplitude and phase.
The sum of the "rst 10 waves is shown by the solid lines
in the top panel of Figure 1b, and is a very close approxima-
tion to the real !iso and Z500 (dotted lines). The "rst 10 waves
explain 94% of the longitudinal variance of !iso and 98% of
the longitudinal variance of Z500. Considering all days, the
"rst 10 wave components explain on average 90% of the
daily longitudinal variance of !iso and 97% of the daily
longitudinal variance of Z500.
[15] Figure 2a shows linear trends from 1979 to 2011 in

seasonally-averaged meridional amplitude. Statistically signif-
icant trends (at the p! 0.05 level) are identi"ed by the black
dots. The trends in AM are positive in JAS and OND, and

negative in JFM and AMJ, but none of these are signi"cant.
Only three of the trends for individual wavelengths are statis-
tically signi"cant. These correspond to an increase in AM,9
(3148 km) and decreases in AM,4 (7083 km) and AM,6
(4722 km) in AMJ. We note that this number of signi"cant
trends (7% of 40 trends considered) is not appreciably larger
than would be expected by chance alone (5%). Ignoring the
lack of signi"cance, there is weak general tendency toward
larger AM,m (70% positive trends and 30% negative trends).
[16] Figure 2b shows the linear trends in seasonally aver-

aged zonal amplitude. Negative AZ trends are found in all
seasons, although only the JFM and JAS trends are signi"-
cant. The signi"cant AZ decrease in JAS is in stark contrast
to the AM increase in this season. Considering the wave-
lengths individually, only four signi"cant zonal amplitude
trends are found. These correspond to reductions in AZ,1
(28,334 km) in JFM, AZ,6 (4722 km) in AMJ, and AZ,1
(28,334 km) and AZ,8 (3542 km) in JAS. Again, this number
of signi"cant trends (10% of 40 trends considered) is not
appreciably larger than would be expected by chance alone.
Even ignoring the lack of signi"cance, there is no clear
tendency toward larger or smaller AZ,m (60% negative trends
and 40% positive trends). Nor is there a general tendency
toward longer or shorter wavelengths (i.e., longer wave-
lengths are not increasing in zonal amplitude at the expense
of shorter wavelengths), or vice versa. However, we note
that the majority of the signi"cant trends in both meridional
and zonal amplitude have occurred outside the range of
zonal wavenumbers typically associated with (quasi-)
stationary Rossby waves (m = 2–5). Recall that the zonal
amplitude is de"ned at 45!N. The main "ndings that rela-
tively few trends are signi"cant and that the trends are not
predominately in one direction also apply if other latitudes
are chosen (e.g., 40!N and 50!N; not shown).
[17] Figure 3 shows the meridional amplitude (a–d) and

zonal amplitude (e–h) trends for four longitudinal sectors.
Here we show only individual trends for zonal wavenumbers
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Figure 2. (a) Trends in meridional amplitude as a function
of season and wavelength for the hemispheric domain. “T”
denotes the combination of wavenumbers 1 to 10 (AM).
Trends signi"cant at the p ! 0.05 level are shown by black
dots. The units are s per decade. (b) Same as Figure 2a,
but for zonal amplitude.
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Figure 1. (a) 500 hPa geopotential heights (Z500) for 7 January 2010. Contours are drawn at intervals of 50m. The dotted
line denotes the approximate latitude of the 5400m isopleth (!iso). The dashed black line marks the 45!N latitude circle. (b)
The top panel shows the longitudinal structure of !iso (black dotted line, zonal-mean removed) and Z500 at 45!N (blue dotted
line, zonal-mean removed), and the sum of the "rst 10 wave components for the decomposition of !iso (black solid) and Z500
(blue solid). The second to sixth rows show the wave components for zonal wavenumbers 1 to 5, respectively, for the
decomposition of !iso (black) and Z500 (blue). In all panels, the black lines are plotted against the left vertical axis and the
blue lines against the right vertical axis.
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1–5, as in the regional framework wavenumbers greater than 5
correspond to short wavelengths with small (negligible)
amplitude. At this regional scale, wavenumbers larger than
1–2 are likely to re!ect synoptic-scale propagating waves
and not (quasi-)stationary Rossby waves. For brevity in the
text, we will focus on the AM and AZ trends and only refer to
the trends for individual wavelengths in the few cases where
the number of these trends that are signi"cant is appreciably
larger than would be expected by chance.
[18] Over NAmAtl, AM increases and AZ decreases are

found in all seasons, but none achieve statistical signi"-
cance. The AM increases are consistent with FV12, as is
the "nding that the largest AM increase has occurred in
OND. However, these AM trends are not statistically signi"-
cant at the p ! 0.05 (or even at the 0.1) level. AZ has
decreased in all seasons, but not signi"cantly in any season.
Over EuroAtl, AM has increased signi"cantly in JAS. Signif-
icant increases are also identi"ed for AM,1 (9445 km), AM,2
(4722 km), AM,4 (2361 km), and AM,5 (1889 km). AM has
increased in OND, as has AM,m of all individual wavelengths
considered, but none of these are signi"cant. AZ has
decreased in all seasons, but only signi"cantly in JAS. Note
that the AM and AZ trends are both signi"cant in JAS over
EuroAtl, but of opposite sign. No signi"cant trends are
found over NAmWP. No signi"cant meridional amplitude
trends are found over AsiaEP, but AZ has decreased signi"-
cantly in JAS. In this season, zonal amplitude decreases
are identi"ed for all wavelengths considered and are signi"-
cant for AZ,4 (2,361 km) and AZ,5 (1,889 km). Although
the AZ decrease in OND is not signi"cant, all wavelengths
considered display zonal amplitude decreases in this season
and two are signi"cant, AZ,2 (4722 km) and AZ,3 (3148 km).

4. Discussion

[19] At "rst glance, the opposing meridional and zonal
amplitude trends in some seasons and sectors may seem at
odds. However, it is plausible, and in what follows we argue

it is even to be expected, that the two measures of amplitude
show differing changes.
[20] Figure 4a shows an idealized Z500 "eld, increasing

from north to south and with a wave-2 disturbance. Now
suppose that AA acts on this "eld. Figure 4b shows the
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c) d)
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Figure 4. (a) An idealized 500 hPa geopotential height
(Z500) "eld, with increasing Z500 from north to south and a
wave-2 disturbance. An arbitrary isopleth is highlighted. (b)
The corresponding Z500 "eld after the Z500 at all longitudes
is increased by an arbitrary amount that scales with latitude,
to mimic the effects of Arctic ampli"cation (AA), with
the same isopleth highlighted as in Figure 4a. (c) A hori-
zontal cross-section showing the highlighted isopleths from
Figures 4a and 4b, as solid and dotted lines, respectively. (d)
A vertical cross-section showing the Z500 along the dashed
lines in Figures 4a and 4b, as solid and dotted lines, respec-
tively. In Figure 4c, the meridional amplitude increases in
response to AA whereas in Figure 4d, the zonal amplitude
remains constant, as indicated by the black arrows.
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Figure 3. Trends inmeridional amplitude as a function of season and wavelength for the regional domains of (a) 0!W–140!W,
(b) 60!W–60!E, (c) 60!E–180!E, and (d) 60!W–180!W. “T” denotes the combination of wavenumbers 1 to 10 (AM).
Trends signi"cant at the p! 0.05 level are shown by black dots. The units are s per decade. (e–h) Same as Figures 3a–3d,
but for zonal amplitude.
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BARNES: ARCTIC AMPLIFICATION AND WEATHER

Figure 4. Seasonal trends of (a) u500, (b) Z500 phase
speeds, (c) v250 phase speeds, and (d) blocking frequency.
All trends are for the AtlanticNA region, and averages for
Figures 4a–4c are taken between 30ıN and 70ıN. Phase
speeds are for waves with zonal wave numbers 1–6. Open
(closed) circles denote trends that are statistically different
from 0 at 90% (95%) confidence.

discussed in the text. Finally, we directly address whether
blocking events have increased in frequency by diagnosing
blocking using the one-dimensional blocking algorithm of
Barnes et al. [2012] which identifies blocking regimes when
the Z500 field exhibits a persistent (5 days or longer) rever-
sal of its gradient. A detailed description of the methodology
is provided in the supporting information.

3. Results
[9] Figures 2a and 2b show time series of JAS and

OND meridional extents calculated by the two metrics for
ERA-Interim (results from NCEP and MERRA are similar).
Beginning with the SeaMaxMin metric (blue curves), a sig-
nificant trend emerges in JAS, with extents increasing over
the past 30 years, while a large but nonsignificant trend is
found in OND. Thus, the SeaMaxMin metric suggests that
extents in JAS and OND have been increasing since 1980.

[10] If the SeaMaxMin metric captures the typical merid-
ional extent of the large-scale propagating waves, then
one would expect DayMaxMin to produce similar trends.
Instead, very small, nonsignificant trends are seen in JAS
and OND for DayMaxMin (red curves in Figures 2a and 2b).
The meridional extents are smaller for DayMaxMin com-
pared to SeaMaxMin because the extents of the isopleths
in the SeaMaxMin method are not associated with any one
wave as they are for DayMaxMin, but rather, the total sea-
sonal extrema of an isopleth. Thus, trends calculated using
the SeaMaxMin metric do not reflect trends in the proper-
ties of individual propagating waves. The observed wave
extents, therefore, show no trend.

[11] We have demonstrated that trends in the meridional
extent of waves are sensitive to the methodology. In addi-
tion, both SeaMaxMin and DayMaxMin suffer from another
issue that leads to erroneous trends in wave meridional
extents. We perform the same analysis but this time over a
larger range of isopleths (5000–6000 m) and denote these
metrics as SeaMaxMin* (Figures 3a and 3b) and Day-
MaxMin* (Figures 3c and 3d). The curves are separated into
the beginning and end of the observational period to show
changes in the wave extents. The y axis of Figure 3 speci-
fies the isopleth, and the x axis denotes the meridional wave
extent. The average latitude of each isopleth is provided in
the supporting information.

[12] Beginning with Figures 3a and 3c, JAS meridional
wave extents in 1980–1995 (blue curves) peak near 5550 m,
signifying that this isopleth exhibits the largest meridional
variations for both the seasonal (SeaMaxMin*) and daily
(DayMaxMin*) metrics. In 1996–2011 (red curves), the
isopleth with the maximum extent changes (variability
moves to higher heights); however, the maximum wave
extent does not change. Similar conclusions are drawn for
OND (Figures 3b and 3d). In other words, the isopleth that is
the most “wavy” increases, but the magnitude of the “wavi-
ness” remains the same. Why then did the SeaMaxMin and,
to a lesser extent, DayMaxMin exhibit positive trends in
wave extent? The reason lies in the original three isopleths
analyzed, denoted as gray shading in Figure 3. For this nar-
row range of isopleths, the shift in the extent manifests itself
as an increase in wave extents there; however, this increase
is not robust across other isopleths.

[13] To further support this conclusion, Figure 2c dis-
plays the time series of the maximum extent of the waves
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blocking using the one-dimensional blocking algorithm of
Barnes et al. [2012] which identifies blocking regimes when
the Z500 field exhibits a persistent (5 days or longer) rever-
sal of its gradient. A detailed description of the methodology
is provided in the supporting information.

3. Results
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extent. The average latitude of each isopleth is provided in
the supporting information.

[12] Beginning with Figures 3a and 3c, JAS meridional
wave extents in 1980–1995 (blue curves) peak near 5550 m,
signifying that this isopleth exhibits the largest meridional
variations for both the seasonal (SeaMaxMin*) and daily
(DayMaxMin*) metrics. In 1996–2011 (red curves), the
isopleth with the maximum extent changes (variability
moves to higher heights); however, the maximum wave
extent does not change. Similar conclusions are drawn for
OND (Figures 3b and 3d). In other words, the isopleth that is
the most “wavy” increases, but the magnitude of the “wavi-
ness” remains the same. Why then did the SeaMaxMin and,
to a lesser extent, DayMaxMin exhibit positive trends in
wave extent? The reason lies in the original three isopleths
analyzed, denoted as gray shading in Figure 3. For this nar-
row range of isopleths, the shift in the extent manifests itself
as an increase in wave extents there; however, this increase
is not robust across other isopleths.

[13] To further support this conclusion, Figure 2c dis-
plays the time series of the maximum extent of the waves

4

BARNES: ARCTIC AMPLIFICATION AND WEATHER

Figure 4. Seasonal trends of (a) u500, (b) Z500 phase
speeds, (c) v250 phase speeds, and (d) blocking frequency.
All trends are for the AtlanticNA region, and averages for
Figures 4a–4c are taken between 30ıN and 70ıN. Phase
speeds are for waves with zonal wave numbers 1–6. Open
(closed) circles denote trends that are statistically different
from 0 at 90% (95%) confidence.

discussed in the text. Finally, we directly address whether
blocking events have increased in frequency by diagnosing
blocking using the one-dimensional blocking algorithm of
Barnes et al. [2012] which identifies blocking regimes when
the Z500 field exhibits a persistent (5 days or longer) rever-
sal of its gradient. A detailed description of the methodology
is provided in the supporting information.

3. Results
[9] Figures 2a and 2b show time series of JAS and

OND meridional extents calculated by the two metrics for
ERA-Interim (results from NCEP and MERRA are similar).
Beginning with the SeaMaxMin metric (blue curves), a sig-
nificant trend emerges in JAS, with extents increasing over
the past 30 years, while a large but nonsignificant trend is
found in OND. Thus, the SeaMaxMin metric suggests that
extents in JAS and OND have been increasing since 1980.

[10] If the SeaMaxMin metric captures the typical merid-
ional extent of the large-scale propagating waves, then
one would expect DayMaxMin to produce similar trends.
Instead, very small, nonsignificant trends are seen in JAS
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wave as they are for DayMaxMin, but rather, the total sea-
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ties of individual propagating waves. The observed wave
extents, therefore, show no trend.
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extent. The average latitude of each isopleth is provided in
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signifying that this isopleth exhibits the largest meridional
variations for both the seasonal (SeaMaxMin*) and daily
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Figure 1 | Changing mean temperature and variability. a–d, Zonal-mean autumn mean temperature (a), subseasonal temperature variance (b), mean cold
autumn day temperature (c) and mean warm autumn day temperature (d) anomalies, 1979–2013. Variance is calculated at each grid point before area
averaging. Anomalies are calculated for 10! latitude bands and are relative to the 1980–1999 mean. e, Linear trends of zonal-mean autumn mean
temperature (green), subseasonal temperature variance (black), cold autumn day temperature (blue) and warm autumn day temperature (red). The
cross-hatching denotes 10! latitude bands for which the variance trend is statistically significant at the 95% confidence level. f,g, Probability density
functions (f) and cumulative distribution functions (g) for autumn daily-mean temperature anomalies over latitudes 55!–80! N for the periods 1979–1988
(black) and 2004–2013 (green). In f and g, the blue and red lines denote the 5% and 95% thresholds of the distributions (based on the 1979–1988
period in f).

providing evidence that cold air advection from the north is a
key driver of cold autumn days. Associated incursions of dry
polar air may also be conducive to clear skies and enhanced
long-wave cooling. Conversely, extremely warm autumn days
are predominantly coincident with southerly, southeasterly or
southwesterly winds and hence, warm air advection.

Both northerly and southerly winds have warmed in autumn
over the past 35 years (Fig. 3a,b, respectively), but at di!ering rates
over the mid to high-latitudes. Figure 3c illustrates this, averaged
by latitudinal band, and shows specifically that northerlies have
warmed faster than southerlies. Between 60!–70! N, northerlies
have warmed by more than 0.5 !C per decade, almost twice the
rate of southerlies—a di!erence that is statistically significant at the
95% confidence level (Fig. 3c). These diverging trends reflect the
latitudinal profile of mean warming (Fig. 1e) and not dynamical
changes in wind direction, as there are no long-term trends in the
frequency of northerlies (Fig. 3d). A significant divergence between
temperature trends for northerlies and southerlies is also found in
winter (60!–70! N), but not in spring or summer (Supplementary
Fig. 7). It is proposed that a direct thermodynamic consequence
of Arctic amplification is that northerly winds warm faster than
southerly winds, and this reduces subseasonal temperature variance
in the cold seasons.

Continued Arctic amplification is anticipated in response to
future anthropogenic greenhouse gas emissions21. On the basis
of the analysis of contemporary measurements, this suggests that
further decreases in subseasonal temperature variability tied to
Arctic amplification can be expected in the future. This possibility
is investigated using model simulations performed with 34 di!erent

coupled climate models, all of which have been forced with identical
projected increases in greenhouse gas concentrations through to
the year 2100. Focusing first on autumn, Arctic amplification
is clearly evident in the multi-model mean (Fig. 4a) and in
each model individually (Fig. 4i), although the magnitude of
Arctic amplification (defined here as the ratio of warming over
latitudes 60!–80! N compared with that over latitudes 30!–50! N)
varies across the models from 1.1 to 1.9 with a mean value of
1.5 (these values are lower than previous estimates21 because they
are derived from data for land regions alone and therefore, large
warming over theArcticOcean related to projected sea ice loss is not
included). As proposed, robust decreases in autumn temperature
variance are identified in the multi-model mean over latitudes
50!–80! N (Fig. 4b), confirming similar findings in previous
studies22–24. Variance declines are projected for almost all longitudes
between 50!–80! N (Supplementary Fig. 8). All models except
one show a decrease in autumn variance averaged over latitudes
50!–70! N (Fig. 4i), with a multi-model-mean trend of "0.4 !C2

per decade. There is a significant linear relationship across the
models (r = "0.60; p < 0.01) between the magnitude of Arctic
amplification and the decrease in autumn variance over 50!–70! N,
which provides further support for the hypothesis.

Turning to other seasons, over the twenty-first century, the
models project stronger Arctic warming in winter than in autumn
(Fig. 4c). The multi-model mean Arctic amplification in winter
is 1.9, with a range of 1.4–2.5 in the individual models (Fig. 4j).
Consistent with strong Arctic amplification, large decreases in
temperature variance are projected in winter (Fig. 4d), and extend
further south into mid-latitudes (to 40! N) than they do in autumn.
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providing evidence that cold air advection from the north is a
key driver of cold autumn days. Associated incursions of dry
polar air may also be conducive to clear skies and enhanced
long-wave cooling. Conversely, extremely warm autumn days
are predominantly coincident with southerly, southeasterly or
southwesterly winds and hence, warm air advection.

Both northerly and southerly winds have warmed in autumn
over the past 35 years (Fig. 3a,b, respectively), but at di!ering rates
over the mid to high-latitudes. Figure 3c illustrates this, averaged
by latitudinal band, and shows specifically that northerlies have
warmed faster than southerlies. Between 60!–70! N, northerlies
have warmed by more than 0.5 !C per decade, almost twice the
rate of southerlies—a di!erence that is statistically significant at the
95% confidence level (Fig. 3c). These diverging trends reflect the
latitudinal profile of mean warming (Fig. 1e) and not dynamical
changes in wind direction, as there are no long-term trends in the
frequency of northerlies (Fig. 3d). A significant divergence between
temperature trends for northerlies and southerlies is also found in
winter (60!–70! N), but not in spring or summer (Supplementary
Fig. 7). It is proposed that a direct thermodynamic consequence
of Arctic amplification is that northerly winds warm faster than
southerly winds, and this reduces subseasonal temperature variance
in the cold seasons.

Continued Arctic amplification is anticipated in response to
future anthropogenic greenhouse gas emissions21. On the basis
of the analysis of contemporary measurements, this suggests that
further decreases in subseasonal temperature variability tied to
Arctic amplification can be expected in the future. This possibility
is investigated using model simulations performed with 34 di!erent

coupled climate models, all of which have been forced with identical
projected increases in greenhouse gas concentrations through to
the year 2100. Focusing first on autumn, Arctic amplification
is clearly evident in the multi-model mean (Fig. 4a) and in
each model individually (Fig. 4i), although the magnitude of
Arctic amplification (defined here as the ratio of warming over
latitudes 60!–80! N compared with that over latitudes 30!–50! N)
varies across the models from 1.1 to 1.9 with a mean value of
1.5 (these values are lower than previous estimates21 because they
are derived from data for land regions alone and therefore, large
warming over theArcticOcean related to projected sea ice loss is not
included). As proposed, robust decreases in autumn temperature
variance are identified in the multi-model mean over latitudes
50!–80! N (Fig. 4b), confirming similar findings in previous
studies22–24. Variance declines are projected for almost all longitudes
between 50!–80! N (Supplementary Fig. 8). All models except
one show a decrease in autumn variance averaged over latitudes
50!–70! N (Fig. 4i), with a multi-model-mean trend of "0.4 !C2

per decade. There is a significant linear relationship across the
models (r = "0.60; p < 0.01) between the magnitude of Arctic
amplification and the decrease in autumn variance over 50!–70! N,
which provides further support for the hypothesis.

Turning to other seasons, over the twenty-first century, the
models project stronger Arctic warming in winter than in autumn
(Fig. 4c). The multi-model mean Arctic amplification in winter
is 1.9, with a range of 1.4–2.5 in the individual models (Fig. 4j).
Consistent with strong Arctic amplification, large decreases in
temperature variance are projected in winter (Fig. 4d), and extend
further south into mid-latitudes (to 40! N) than they do in autumn.
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Decreased winter variability is simulated across large swathes of
mid-latitude North America and Eurasia (Supplementary Fig. 8), as

also shown in other model analyses22–24. All models simulate
a decrease in winter temperature variance over latitudes
50!–70! N, with a mean trend of "1.7 !C2 per decade and a
range of "0.3 to "3.2 !C2 per decade. Arctic amplification and
decreasing subseasonal temperature variance are also projected
in spring (Fig. 4e,f and Supplementary Fig. 8). Again all models
show a decrease in variance and generally, the models with larger
Arctic amplification depict larger declines in variance (Fig. 4k;
r = "0.64; p< 0.01). Although the climatological-mean seasonal
cycle was removed before the calculation of variance (Methods),
these variance changes could reflect a shift in the seasonal cycle.
To test this, a 90-day time-filter was applied to the daily anomalies
and variance trends recalculated for both subseasonal (<90 d)
and longer-timescale (>90 d) components. Both the observed and
projected variance trends are almost entirely related to reduced
subseasonal variability, with the net e!ect of changes in longer-
timescale variability counteracting, rather than reinforcing, the
subseasonal variance decrease (Supplementary Fig. 9).

To further ascertain whether the projected variance decreases
are causally linked to Arctic amplification, the analysis of wind-
associated temperature anomalies has been undertaken for the
models. The models show a qualitatively similar temperature
sensitivity to wind direction over the twenty-first century
(Supplementary Fig. 10) to that in the present day based on
the reanalysis (Fig. 2 and Supplementary Fig. 6). In autumn
and winter, the models project greater warming of days with
northerly wind than southerly wind (Fig. 5a,b). Over 90% of
individual models agree on the sign of the trend di!erence and
it is statistically significant in the multi-model mean for latitudes
40!–80! N in both autumn and winter (Fig. 5). This strongly
suggests that changes in meridional heat advection, related to
Arctic amplification, are a driver of the projected—as well as
the historical—decreases in cold-season temperature variance.
Another contributing factor is decreasing snow cover extent, which
impacts local temperature variance through changes in albedo
and surface heat fluxes. Reduced variance is expected locally in
accordance with projected loss of seasonal snow cover25,26. As snow
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AUTHOR SUMMARY

Should the public
be able to
recognize that
climate is
changing, despite
the notorious
variability of
weather and
climate from day
to day and year to
year? We
investigate how
the probability of
unusually warm
seasons has
changed in recent decades, with emphasis on summer, when
changes are likely to have the greatest practical effects. We
show that the odds of an unusually warm season have
increased markedly over the past three decades. Also the
shape of the temperature anomaly distribution, describing the
frequency of occurrence of local temperature anomalies, has
broadened, making extreme hot summers much more likely.

We describe variability of observed seasonal-mean
temperature as anomalies relative to the average temperature
in the base period 1951–1980, which is an appropriate base
period because global temperature was relatively stable and
within the Holocene range to which humanity and other
planetary life are adapted. In contrast, we infer that global
temperature is now above the Holocene range, as evidenced
by the fact that the ice sheets in both hemispheres are
shedding mass (1) and sea level is rising at a rate [more than
3 mm!year or 3 m!millennium (2)] that is much higher than
the rate of sea level change during the past several millennia.

We illustrate variability of seasonal temperature in units of
standard deviation (!), including comparison with the normal
distribution (“bell curve”) that the lay public may appreciate.
The probability distribution (frequency of occurrence) of local
summer-mean temperature anomalies was close to the normal
distribution in the 1950s, 1960s, and 1970s in both
hemispheres (Fig. P1 A and B). However, in each subsequent
decade the distribution shifted toward more positive
anomalies, with the positive tail (hot outliers) of the
distribution shifting the most. The temporal shift of the
anomaly distribution for the contiguous United States
(Fig. P1C) is similar to the global change but much noisier
because the contiguous United States covers only
approximately 1.5% of the globe.

Winter warming exceeds summer warming, but the standard
deviation of seasonal mean temperature at middle and high
latitudes is much larger in winter (typically 2–4 °C) than in
summer (typically approximately 1 °C). Thus the shift of the
anomaly distribution, in units of standard deviation, is less in
winter than in summer (Fig. P1D), and the high winter
variability makes winter warming less noticeable to the public.

An important change is the emergence of a subset of the
hot category, extremely hot outliers, defined as anomalies
exceeding !3!. The frequency of these extreme anomalies is
about 0.13% in the normal distribution, and thus a typical

summer in the
base period
climate would
have only about
0.1–0.2% of the
globe covered by
such hot
extremes. We
show that during
the past several
years the portion
of global land
area covered by
summer
temperature

anomalies exceeding !3! has averaged about 10%, an
increase by more than an order of magnitude compared to the
base period. Recent examples of summer temperature
anomalies exceeding !3! include the heat wave and drought
in Oklahoma, Texas, and Mexico in 2011 and a larger region
encompassing much of the Middle East, Western Asia, and
Eastern Europe, including Moscow, in 2010.

The question of whether these extreme hot anomalies are a
consequence of global warming is commonly answered in the
negative, with an alternative interpretation based on
meteorological patterns. For example, an unusual atmospheric
“blocking” situation resulted in a long-lived high pressure
anomaly in the Moscow region in 2010, and a strong La Niña
in 2011 may have contributed to the heat and drought
situation in the southern United States and Mexico. However,
such meteorological patterns are not new and thus as an
“explanation” fail to account for the huge increase in the area
covered by extreme positive temperature anomalies. Specific
meteorological patterns help explain where the high pressure
regions that favor high temperature and drought conditions
occur in a given summer, but the unusually great temperature
extremities and the large area covered by these hot anomalies
is a consequence of global warming.

Our analysis is an empirical approach that avoids use of
global climate models, instead using only real world data.
Theories for the cause of observed global temperature change
are thus separated as an independent matter. However, it is of
interest to compare the data with results from climate models
that are used to simulate expected global warming due to
increasing human-made greenhouse gases.

Indeed, the “climate dice” concept was suggested in
conjunction with climate simulations made in the 1980s (3) as

Fig. P1. Frequency of occurrence of local temperature anomalies (relative to 1951–1980 mean)
divided by local standard deviation obtained by counting gridboxes with anomalies in each 0.05
interval of the standard deviation (x axis). Area under each curve is unity.
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BARNES: ARCTIC AMPLIFICATION AND WEATHER

Figure 1. Examples of the (a) SeaMaxMin and (b) DayMaxMin meridional wave extent metrics for July–September 2009
(in Figure 1a) and 29 August 2009 (in Figure 1b) over the AtlanticNA region. In both panels the 5700 m Z500 isopleth is
used and the vertical black bars denote the resulting meridional extent.

the metric calculation is shown in Figure 1a for ! = 302ıE
and s = July-August-September in 2009. The solid black
curve denotes the maximum latitude of the 5700 m isopleth
each day of the season, and the dashed black curve similarly
denotes the minimum latitude. The only way for the con-
tour to have different maximum and minimum latitudes on a
given day is by curling over (“breaking”), and this happens
infrequently for this isopleth. Because of this, the seasonal
maximum latitude (red dot) and minimum latitude (blue dot)
nearly always occur on different days of the season (for the
case in Figure 1a, days 16 and 88, 16 July and 26 September,
respectively). Thus, the SeaMaxMin metric is a measure of
the seasonal meridional excursion of the isopleth. We zon-
ally average the extents over the AtlanticNA region to obtain
an average for each season. FV12 did not zonally average

their data, and thus, SeaMaxMin is not identical to the metric
presented in their study.

[6] 2. The second metric is called “DayMaxMin” and is
designed to quantify the daily meanders of the Z500 field
and, thus, the meridional extent of individual waves. For
each day d, we calculate the maximum latitude "max(d) and
minimum latitude "min(d) of a single Z500 isopleth over the
AtlanticNA region, and the day’s meridional wave extent is
calculated as "max(d) – "min(d). Figure 1b shows an example
of this calculation for 29 August 2009. The black contour
denotes the 5700 m isopleth, and the black bar shows the dis-
tance between the maximum and minimum latitudes. Thus,
this metric provides a single wave extent for every day of the
season, and we average over the season to obtain an average
wave extent.

Figure 2. Two measures of observed AtlanticNA meridional geopotential isopleth extent as a function of time for (a) JAS
and (b) OND from ERA-Interim. (c) The maximum meridional extent over a range of Z500 isopleths and (d) the Z500
isopleth with the maximum meridional extent. Dashed lines denote the linear least squares regression lines, with slopes
given in degrees/decade (in Figures 2a–2c) and m/decade (in Figure 2d). Slopes statistically different from 0 at 90% (95%)
confidence are enclosed in a white (colored) box.
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